Molecular defects in genes encoding enzymes involved in homocysteine metabolism may account for mild hyperhomocysteinaemia, an independent and graded risk factor for cardiovascular disease (CVD). Although heterozygosity for cystathionine b-synthase (CBS) deficiency has been excluded as a major genetic cause of mild hyperhomocysteinaemia in vascular disease, mutations in (non-)coding DNA sequences may lead to a mildly decreased CBS expression and, consequently, to elevated plasma homocysteine levels. We assessed the association between a 31 bp VNTR, that spans the exon 13-intron 13 boundary of the CBS gene, and fasting, post-methionine load and increase upon methionine load plasma homocysteine levels in 190 patients with arterial occlusive disease, and in 381 controls. The 31 bp VNTR consists of 16, 17, 18, 19 or 21 repeat units and shows a significant increase in plasma homocysteine concentrations with an increasing number of repeat elements, in particular after methionine loading. In 26 vascular disease patients the relationship between this 31 bp VNTR and CBS enzyme activity in cultured fibroblasts was studied. The CBS enzyme activity decreased with increasing number of repeat units of the 31 bp VNTR. RT ± PCR experiments showed evidence of alternative splicing at the exon 13-intron 13 splice junction site. The 31 bp VNTR in the CBS gene is associated with post-methionine load hyperhomocysteinaemia that may predispose individuals to an increased risk of cardiovascular diseases.
Introduction
Cardiovascular disease is a complex multi-factorial trait, and is the leading cause of death in the industrialised world. 1, 2 Multi-factorial diseases are originating from interactions of genes and environmental factors that create a gradient of genetic susceptibility to disease. Established risk factors for cardiovascular disease include elevated blood cholesterol, hypertension, diabetes mellitus and tobacco smoking. A mildly elevated plasma homocysteine concentration is generally, 3 ± 5 but not universally 6 accepted as an independent and graded risk factor for both arterial occlusive disease and venous thrombosis.
Homocysteine is a branch-point intermediate of methionine metabolism, and can be irreversibly committed to transsulphuration by the vitamin B 6 -dependent enzyme, cystathionine b-synthase (CBS). Alternatively, homocysteine can be remethylated to methionine in a reaction catalysed by the vitamin B 12 -dependent enzyme methio-nine synthase (MS). The latter enzyme requires 5-methyltetrahydrofolate as a co-substrate, which is formed upon reduction of 5,10-methylenetetrahydrofolate by methylenetetrahydrofolate reductase (MTHFR). Genetic defects in genes encoding these enzymes, or depletion of important cofactors or (co)substrates for those enzymes, including folate, vitamin B 12 and vitamin B 6 may result in elevated plasma homocysteine. 7, 8 In the last decade, several studies have been conducted to elucidate the genetic determinants of mild hyperhomocysteinaemia in patients with premature cardiovascular disease. Hereditary defects in homocysteine metabolisms have been investigated by enzymatic and molecular genetic techniques. permitted the molecular genetic analysis of the CBS cDNA in patients with vascular disease. All genetic studies reported so far, failed to detect an involvement of heterozygosity for CBS deficiency in hyperhomocysteinaemia and premature vascular disease. 13, 15, 16 These studies, however, do not exclude an involvement of mildly impaired CBS function in hyperhomocysteinaemia and vascular disease. Most genetic studies performed thus far, only explored the CBS coding region, and did not examine the non-coding regions of the CBS gene, for functional polymorphisms. As reported recently, genetic variation in these non-coding sequences may affect enzyme expression, transcript stability or splicing. 17, 18 In the present study, we analysed a variable number of tandem repeats (VNTR) of 31 bp which spans the exon 13-intron 13 boundary of the CBS gene in 190 patients with arterial occlusive disease and in 381 populationbased controls. This VNTR was first described by Kraus et al. 19 Each repeat unit contains a consensus splice donor site and this VNTR may therefore affect homocysteine metabolism. We report the allele frequencies and genotype distributions of this polymorphic variant in both cases and controls, and describe the association with fasting, post-methionine load and delta (ie increase upon methionine loading) plasma homocysteine concentrations.
Materials and methods

Study population
The study population consisted of a group of 130 cases with severe coronary occlusions and 101 population based controls. 20 We extended our patient group with 60 patients with documented premature cardiovascular disease. 13 To equalise the male ± female ratio between the patient and control group, all 280 male controls from a second population-based control group 21 were included.
Over the last 10 years, fibroblasts had been collected from 26 cardiovascular patients with mild hyperhomocysteinaemia. These selected patients are not included in the study group described above but we used the CBS activity measurements in these fibroblasts to assess a possible association between the different 31 bp VNTR genotypes and CBS enzyme activity.
Biochemical parameters
Cases and controls were subjected to an oral methionine loading test as described by Boers et al. 9 Total homocysteine was measured in plasma using high-performance liquid chromatography (HPLC), with reverse phase separation and fluorescence detection, as described by Te Poele-Pothoff et al. 22 All homocysteine measurements were conducted at the University Medical Center Nijmegen, The Netherlands. Fasting and post-load plasma homocysteine levels were obtained from 555 and 525 individuals, respectively. CBS activities in extracts of cultured skin fibroblasts were determined in the absence and presence of 1 mM pyridoxal 5'-phosphate (PLP), essentially according to Engbersen et al. 12 Activities are expressed in nmol cystathionine formed per mg protein per hour at 378C.
Detection of the CBS 31 bp VNTR
Genomic DNA was isolated from buffy coats by a standard method, 23 and stored at 48C until analysis. Genomic DNA was available of 561 individuals. After PCR amplification in standard PCR buffer, containing 100 ng forward primer (5'-TGCAGCCGTCAGACCAAG-3') and 100 ng reverse primer (5'-TTAAGTCCCCAAAACACGG-3'), 200 mM each dNTP, 1.5 mM MgCl 2 and using an annealing temperature of 528C, the 784 ± 908 bp DNA fragments were analysed on a 2% agarose gel. PCR products were sequenced on both strands using an ABI 377 automated DNA sequencer to analyse the exact DNA sequence of each allele.
RT ± PCR
Total RNA was isolated from cultured fibroblasts using an established method, 24 and reverse transcribed using Superscript II reverse transcriptase according to the manufacturer's recommendations (Life Technologies). The CBS cDNA was subsequently analysed for the inclusion of a part of intron 13 by PCR amplification using 100 ng forward primer (5'-GCACACCATCGAGATCCT-3'; cDNA #1296-1313) and 100 ng reverse primer (5'-GCCTGTAGGTGACTGGGT-3'), CBS 31 bp VNTR increases homocysteine KJA Lievers et al 584 located in intron 13 ( Figure 1 ). PCR was performed in standard PCR buffer including 200 mM each dNTP and 3 mM MgCl 2 using the following profile: 3'/928C, 35 cycles of 1'/ 928C, 1'/558C, 1'/728C, and a final extension of 7' at 728C. Amplification of alternatively spliced mRNA, in which at least the first repeat of intron 13 is retained, results in a 192 bp fragment, whereas amplification of any residual DNA in the RNA isolate results in a 772 bp fragment ( Figure 1 ). The 100 bp DNA ladder of Life Technologies was used as a marker.
Statistical analysis
Differences in genotype distributions were assessed by Pearson's chi-square analysis. Differences in homocysteine concentrations between cases and controls were assessed by Student's t-test, adjusted for age and gender by means of linear regression analysis. Plasma homocysteine concentrations showed positive skewness and were therefore logtransformed prior to all analyses. The differences in homocysteine concentrations between genotype subgroups were assessed by one-way analysis of variance (ANOVA) followed by Bonferroni corrected t-tests. Odds ratios (OR) and 95% confidence intervals (95% CI) for arterial occlusive disease, associated with elevated plasma homocysteine levels and with the different CBS genotypes, were calculated with logistic regression analysis. Tests for trend were performed with linear regression analysis. All P-values reported are twotailed, and statistical significance was accepted at P50.05.
Results
Characteristics of study groups Age, sex, and total plasma homocysteine concentrations (ie fasting, post methionine load, and net increase upon methionine loading or delta) of cases and controls are shown in Table 1 . The geometric mean age and the percentage males did not differ between cases and controls. Cases had a higher fasting homocysteine (+5.7%; P=0.011) and a higher homocysteine concentration after methionine loading (+5.1%; P=0.045). The net increase upon methionine loading (ie postload minus fasting homocysteine concentration) was slightly, but not significantly higher in cases compared with controls (+5.7%; P=0.13).
VNTR genotype distributions and risk of arterial occlusive disease
The 31 bp VNTR in intron 13 specifies five different alleles, with a variable number of tandem repeats, ie with 16, 17, 18, 19 or 21 repeat elements. The 31 bp VNTR consists of 16 heterogeneous repeat units. The four alleles that were sequenced are combinations of these 16 different units (Figure 1 ). The first eight repeat units (A ± H) as well as the last three (N ± P) are present in all four alleles. The alleles were named according to the number of repeat units. The most frequent allele with an allele frequency of 77.2% (patients and controls combined) contained 18 repeats, whereas the alleles that contained 16, 17, 19 or 21 repeat units were less frequent with allele frequencies of 0.1, 9.5, 10.5 and 2.7% respectively.
The VNTR genotype distributions in the two constituent case groups were similar, as were those in the two constituent control groups (data not shown). Genotype distributions for the VNTR were compared between cases and controls ( Table  2) . VNTR genotypes were investigated as risk genotypes in arterial occlusive disease. The differences in VNTR genotype frequencies between the combined cases and controls groups were not statistically significant (Table 2) .
Association VNTR genotypes and plasma homocysteine Fasting, post-load and delta plasma homocysteine concentrations were determined, and their association with the VNTR genotypes was studied ( Table 2 ). Because associations between VNTR genotypes and plasma homocysteine were similar in cases and controls (data not shown), we combined cases and controls to increase statistical power.
The different genotypes defined by the 31 bp VNTR significantly influenced post-load as well as delta homocysteine concentrations (ANOVA P=0.002 and P=0.003 respectively; Table 2 ). When the homozygous genotypes were considered separately, individuals with the 17-17 genotype had the lowest geometric mean post-load homocysteine concentration (37.5 mmol/l). The two homozygotes with the 21-21 genotype had a post-load homocysteine concentration of 63.0 and 65.0 mmol/l respectively, while those with the 18-18 and 19-19 genotypes showed intermediate geometric mean homocysteine concentrations of 41.1 and 46.8 mmol/l, respectively (ANOVA P=0.067; test for linear trend P=0.013; Figure 2 ). This clearly demonstrates the positive association between the number of repeat units and post-load homocysteine concentrations.
To elucidate the exact DNA sequence of every allele defined by this 31 bp VNTR, and to find a potential explanation for the increasing homocysteine concentrations, we sequenced the VNTR in homozygotes for each of the alleles (Figure 1) . Each repeat unit contains the splice donor site between exon 13 and its following intron. Therefore, the published exonintron boundary is followed by at least 15 repeat units that differ only slightly in nucleotide sequence and carry all a potential splice donor site (Figure 1, A-P) . RT ± PCR experiments were performed to determine whether the first part of intron 13 was retained in at least some of the CBS mRNAs. PCR on cDNA with a reverse primer in intron 13 (primer In13R, Figure 1 ) indeed showed a fragment of 192 bp, indicating that alternative splicing does occur and that intron 13 is not completely spliced out (Figure 3 ). This could lead to abnormal CBS protein, and therefore decreased CBS enzyme activity. For the association between genotype and homocysteine concentrations (expressed as geometric means (95% CI) {N}), cases and controls were combined.
{ ANOVA on log transformed data; *P=0.011 vs 17-18 (Bonferroni-corrected t-test).
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We determined the 31 bp VNTR genotype in 26 individuals, from whom CBS activities had been measured in cultured fibroblasts, and found a clear negative association between CBS enzyme activity and the number of repeat units (7PLP: ANOVA P=0.035; +PLP: ANOVA P=0.021; Figure 4 ).
Discussion
A mildly elevated plasma homocysteine concentration has been shown to be an independent risk factor for cardiovas- Figure 2 Relationship between fasting A, post-load B and increase upon methionine load C homocysteine concentrations and homozygous genotypes defined by the 31 bp VNTR. case-control studies. Although most studies only assessed the relationship between fasting hyperhomocysteinaemia and the risk of CVD, several studies also report on the association between elevated post methionine load homocysteine concentrations as a risk factor for cardiovascular disease, independently from an elevated fasting level. 9, 10, 20, 26, 27 As methionine loading has been postulated to provocate in particular the transsulphuration pathway, 28 in which CBS is the regulating enzyme, these data suggest the involvement of suboptimal CBS function in hyperhomocysteinaemia after methionine loading and, consequently, increased cardiovascular risk.
In the present study, we analysed a 31 bp VNTR in exon 13-intron 13 of the CBS gene, as a potential contributor to the risk of arterial occlusive disease. No differences in genotype distributions or allele frequencies were found between cases and controls, indicating that no particular VNTR genotype is over-represented in arterial occlusive disease patients compared with controls.
We also investigated the associations between the VNTR genotypes and fasting and post-load plasma homocysteine concentrations. Post-load homocysteine concentrations and net increase upon methionine loading were positively associated with the 31 bp VNTR; plasma homocysteine concentrations increased with the number of repeats (Table  2 and Figure 2 ).
Four alleles of the VNTR (ie with 17, 18, 19 and 21 repeat units) were sequenced to elucidate (i) the exact sequence of each allele, and (ii) a possible mechanism by which this 31 bp VNTR may affect homocysteine concentrations. In each allele, the first repeat unit (designated A) contains the postulated splice donor site between exon 13 and intron 13. 19 Every following repeat unit also contains a functional splice donor site according to the consensus sequence for splice signals 29 ( Figure 1) . Using appropriate weights, we calculated the weight estimate for each possible splice site in each repeat unit (Figure 1 ). The presence of multiple potential splice sites at the local DNA sequence environment increases the likelihood of their utilisation as an alternative splice site. 30 Therefore, it is not unlikely that with every extra repeat unit an additional potential splice donor site is added, which increases the probability that these alternative splice sites are used in addition to the actual splice site in the first repeat unit of 31 bp. This hypothesis is supported by studies on Saccharomyces pombe and Drosophila melanogaster that show that expanding small introns in these organisms inhibits splicing of the intron or activates cryptic sites within the expanded introns. 31 The smallest size of to an increased number of the repeat elements, the more likely it is that an alternative splice donor site is used. We used RT ± PCR techniques to analyse whether any alternative splicing actually occurs, and obtained evidence that the first part of intron 13 is still present in a significant proportion of the CBS mRNA population (Figure 3 ). This demonstrates that either the entire intron 13 is retained in some mRNAs, leading to a premature stop codon, or that alternative splice donor sites downstream of this repeat are also used, which cause frame shifts. The observation of a modified splicing pattern by a VNTR has also been described for the human interferon-inducible gene 6-16. 32 In this gene, a partially expressed minisatellite was detected, that consisted of 26 tandemly repeated dodecanucleotides. The splice donor site of exon 2 is a component of the most upstream element of the tandem repeat. It was shown that the two neighbouring repeat units also provide functional splice donor sites.
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The association between the number of repeat elements and elevated post-load plasma homocysteine levels, potentially caused by aberrant splicing, is further substantiated by the observation of decreased CBS activities in fibroblasts of individuals with genotypes that include a high number of repeat elements. CBS enzyme activity decreased with increasing number of repeat elements (Figure 4 ). This association also underlines the existence of abnormal CBS protein leading to suboptimal CBS function.
Very recently, Yang et al 33 reported new findings on this VNTR, in 398 coronary artery disease patients and in 137 apparently healthy controls. While they report a similar association between the 31 bp VNTR and post-load plasma homocysteine levels, their study does not include an examination of CBS enzyme activities nor a detailed analysis on potential causes of this association. The present study clearly demonstrates that the length of the 31 bp VNTR is negatively associated with CBS enzyme activity for which a plausible explanation, ie the occurrence of alternative splicing at the exon 13-intron 13 boundary, is presented. The increased homocysteine concentrations, associated with the increasing number of repeat elements, may predispose individuals to an increased risk of cardiovascular disease.
